reflects an inactivation of the CPG network by extrinsic School of Biological Sciences inputs. An alternative notion, however, is that during University of Sussex quiescence certain CPG elements play a critical role and Falmer, Brighton BN1 9QG that these are also part of the decision-making process United Kingdom leading to rhythm initiation. We have investigated this issue by using one of the best-characterized episodically active rhythm-generatSummary ing circuits, the feeding system of the pond snail, Lymnaea stagnalis [4-6]. Behaviorally, sequences of rhythBackground: Rhythmic motor behaviors can be genermic biting movements (leading to food ingestion) are ated continuously (e.g., breathing) or episodically (e.g., interspersed with periods of quiescence. The electrolocomotion, swallowing), when short or long bouts of physiological pattern underlying behavioral feeding is rhythmic activity are interspersed with periods of quiescalled fictive feeding and can be recorded in a semicence. Although the mechanisms of rhythm generation intact preparation ( Figure 1A ) at the level of single identiare known in detail in many systems, there is very little fied neurons ( Figure 1A and [4] ). Here we show that understanding of how the episodic nature of rhythmic periods with no rhythmic spike activity, which have simibehavior is produced at the neuronal level. lar temporal features to behavioral quiescence, arise Results: Using a well-established episodic rhythmfrom an active maintained suppression of the CPG. generating neural circuit controlling molluscan feeding, When food is present, this suppression is removed and we demonstrate that quiescence between bouts of acthe CPG is released, allowing it to generate the threetivity arises from active, maintained inhibition of an othphase fictive feeding rhythm. The source of this superwise rhythmically active network. We show that the pressive regulatory control is intrinsic to the CPG netsource of the suppressive drive is within the circuit itself; work itself, a neuron called N3t [7], which fires tonically a single central pattern generator (CPG) interneuron type during quiescence to inhibit CPG rhythmicity but fires that fires tonically to inhibit feeding during quiescence.
boxed section in Figure 2Bi ). These tonic inhibitory synaptic inputs, which are very similar between the two N1Ms, are apparently responsible for their quiescence, and thus the entire CPG [16] . The IPSPs occurring during quiescence resemble the phasic inhibitory synaptic inputs seen on the same N1M cells during the swallow phase of each fictive feeding cycle (Figure 2Cii , expansion of boxed section in Figure 2Bii ). The phasic inhibitory inputs are known to arise monosynaptically from the N3t-type CPG interneuron [7] , raising the question as to whether the tonic inhibitory inputs on the N1Ms also arise from the same interneuron.
That the tonic inhibitory synaptic inputs arise from N3t and are responsible for quiescence in N1M was confirmed by direct recording of these two cell types Figure 3Di ). These exspontaneous cycles of CPG-driven fictive feeding activperiments provided evidence that N3t can make a key ity, also can be observed (Figure 2Bi, arrows) . Quiescontribution to determining whether quiescence or cence or sporadic activity in the CPG contrasts signifi-CPG-driven fictive feeding activity occurs. The same cantly with the fast and maintained high-frequency experiments also indicated that N3t, once its tonic activrhythmic activity that is seen in the presence of foodity (Figure 3Dii ) is suppressed, can still fire phasically related chemostimulants, such as sucrose (feeding, Fig-(Figure 3Diii ). Perturbation experiments during B4 hyperure 2A and [6, 14, 15]), or that is triggered by the activapolarization showed that when phasic N3t activity is tion of identified command-like modulatory interneurons briefly suppressed, the next cycle is significantly ad-(fictive feeding, Figure 2Bii) .
vanced. This observation confirmed the results of earlier In these experiments, the CPG interneuron type N1M published experiments [5, 7, 18] showing that the N3t, (Figure 1Bi ) was recorded because its activity during via its phasic activity during the swallow phase of the the first phase of the feeding rhythm (protraction (P), feeding cycle, was a member of the feeding CPG and Figure 1Bii ) is necessary to trigger and maintain the showed that it was also a CPG member under the condiwhole CPG-driven rhythmic pattern in response to food tions of B4 hyperpolarization (our unpublished data). stimulus that hyperpolarizes N3t [6], and thus chemosensory inputs could inhibit N3t spike activity indirectly The initial effect of sucrose in allowing N3t to switch from suppression to being part of the CPG is shown in through the N1M-to-N3t inhibitory monosynaptic con- nections [7] . It was therefore necessary to show that crose, a full and maintained fictive feeding rhythm was supported by the chemosensory stimulus (our unpubsucrose-induced reduction in N3t activity was independent of N1M activation. We achieved this by suppressing lished data). These experiments demonstrated a key role for an N3t-driven suppressive control mechanism N1M activity by steady hyperpolarization while stimulating the chemosensory structures with sucrose. We monin the quiescence-activity switch induced by a natural sensory stimulus in the feeding network. itored N3t activity in these experiments by recording both N1M and the B3 motoneuron (see Figure 5 legend for explanation). N3t activity was examined in the immeThe Level of Suppressive Control Is Influenced by the Satiety State diate period after sucrose application, when any N1M effect would have been strong. As shown in Figure 5A , The occasional spontaneous feeding cycles seen during quiescent periods (Figure 2A ) are thought to subserve N3t synaptic inputs on N1M and B3 completely stopped (asterisks in Figure 5A Only two of the 13 satiated snail preparations showed cated that the level of N3t activity was a likely contributing factor in determining the satiety-linked excitability at least one fictive feeding cycle in a 1 min observation period; the remaining eleven were quiescent (Figure 6Ai , of the CPG. An analysis of all the preparations used in this experiment (n ϭ 27) revealed a statistically signifitop trace). In contrast, nine out of the 14 semi-intact preparations made from hungry animals showed sponcant negative correlation (Pearson's R, Ϫ0.64; P Ͻ 0.01) between the number of N3t-driven synaptic inputs and taneous fictive feeding (Figure 6Ai, bottom trace) . The number of preparations showing fictive feeding versus spontaneous fictive feeding (Figure 6C ), as would be expected if the N3t inputs were causally related to the level of feeding activity. Not only do these experiments therefore suggest a behaviorally relevant role for tonic spike activity in N3t, but they also lend further strong support to the notion that there is a strong link between maintained N3t firing and a lack of rhythmic CPG activity in the Lymnaea feeding system.
Discussion
Motor pattern generators that can be activated intermittently are required for episodic rhythmic behaviors such as swallowing, swimming, and feeding [21-23]. In this paper, we have demonstrated that a single CPG neuron type plays alternative roles during CPG quiescence and rhythmic activity. We showed that an interneuron, N3t, in the feeding system of Lymnaea inhibits the whole CPG during quiescence ( Figure 7A ). During quiescence, N3t fires tonically and, because of its continuous inhibitory effects on a second CPG interneuron, N1M, prevents rhythmic CPG activity. Food switches N3t into phasic bursting activity (Figure 7Bii ), at which point it functions as part of the CPG, as previously described [7] . Critical to the switching process, N3t firing slows down when food (sucrose) applied to the lips produces hyperpolarization. When N3t firing slows, N1M recovers from its previous inhibited state to plateau and start the sequence of feeding burst activity. N1M is known to be essential in initiating and maintaining feeding activity in the Lymnaea feeding circuit [6, 16]. N3t achieves its suppressive regulatory effect on the CPG through the same synaptic connection that is important in its pattern-generating function: a fast mono- 
